Abstract. New radiative data for allowed and forbidden transitions between the 3s 2 3p 2 , 3s3p 3 and 3s 2 3p3d configurations of Fe  are presented. The calculations are performed with the SSTRUCT atomic code, including 24 configurations in the model, and term energy corrections have been applied to optimise the theoretical level energies. The new data-set is compared with other calculations in the literature and also an unpublished calculation of Young that is found in the CHIANTI atomic database. Good agreement is found in all cases except with calculations of Nahar. Comparisons are also presented with laboratory and solar experimental data that demonstrate the accuracy of the present calculations. The new data are to be added to version 5 of the CHIANTI atomic database.
Introduction
Fe  is a key coronal ion formed in conditions of collisional ionization equilibrium at two million K, typical of the quiet Sun and active regions. It produces a host of lines at extreme ultraviolet wavelengths (Malinovsky & Heroux 1973; Thomas & Neupert 1994) due to 3s-3p and 3p-3d transitions that provide excellent density diagnostics (Young et al. 1998 ) over the electron density range 10 9 -10 11 cm −3 . In addition, transitions within the ground 3s 2 3p 2 configuration give rise to prominent lines at λ3389, λ10747 and λ10798 in the optical and nearinfrared. The λ10747/λ10798 ratio is an excellent density diagnostic for ground-based observers (Flower & Pineau des Forêts 1973; , and is also a potential diagnostic of the coronal magnetic field (Judge 1998) .
The CHIANTI atomic database contains a large set of atomic data suitable for the analysis of astrophysical spectra. The current CHIANTI model for Fe  is described in Dere et al. (2001) and Dere et al. (1997) and contains radiative data calculated by the author yet not previously published. The model of the ion used in CHIANTI has been improved and the new calculation is presented here and compared both to the older CHIANTI data-set and other calculations. A critical comparison of the collisional data added to v.3 of CHIANTI to that in v.1 has been performed by Landi (2002) . The CHIANTI Fe  model has been widely used both directly in analyses of spectroscopic data from, e.g., the SOHO satellite, and indirectly through the incorporation of CHIANTI into the TRACE and SOHO/EIT analysis software.
In addition to the CHIANTI model, other Fe  models suitable for interpreting solar and stellar spectra have been presented by Brickhouse et al. (1995) and Keenan et al. (1995) . e-mail: p.r.young@rl.ac.uk The former work used allowed transition decay rates from Flower & Nussbaumer (1974) and Fawcett (1987) , and forbidden decay rates from Flower & Pineau des Forêts (1973) . Keenan et al. (1995) use radiative decay rates from Mendoza & Zeippen (1982) and Fawcett (1987) .
Calculations and data
The calculations presented here were performed using the SUPERSTRUCTURE or SSTRUCT code (Eissner et al. 1974) . The wave functions are of the configuration-interaction type and are linear combinations of Slater-type orbitals. For Fe , 24 configurations were included and are listed in Table 1 . The radial wavefunctions used by SSTRUCT are scaled in a Thomas-Fermi-Dirac statistical model potential, and the scaling parameters were obtained through an optimisation procedure carried out in LS-coupling. The parameter values are given in Table 2 .
The initial stage of the SSTRUCT calculation is the solution of the non-relativistic Hamiltonian, with the addition of one-body and two-body relativistic operators to the Hamiltonian performed subsequently through the method of Saraph (1972) . The relativistic wavefunctions can be adversely affected if calculated energy level differences are significantly different from observed level differences for the non-relativistic wavefunctions. One can thus adjust the non-relativistic energies to closer match observed energies (a process called term energy correction, TEC), leading to a modified non-relativistic Hamiltonian. This method has been applied here, and the TECs are given in Table 3 . Table 4 compares the length and velocity forms of the weighted oscillator strengths for allowed transitions between the LS terms of the 3s 2 3p 2 , 3s3p 3 and 3s 2 3p3d configurations. Odd  3s  2 3p   2   3s  2 3d   2   3s3p   3   3s  2 3p3d  3s  2 3p4p 3s  2 3p4f 3s  2 3p4s 3s  2 3p4d  3s3p  2 3d 3s3p  2 4s 3s3p  2 4p 3s3p  2 4f  3s3p  2 4d 3s  2 3d4s 3s3p3d   2   3s  2 3d4p  3s  2 3d4d 3p  3 4s  3s  2 3d4f  3p  3 3d  3p  3 4d  3p   4   3p  3 4p  3p  2 3d 2 Agreement between the two sets of values gives an indication of the quality of the calculation, and it can be seen that agreement is generally excellent. Table 5 presents experimental and theoretical energies  and percentage compositions for the 27 levels of the three  lowest energy configurations, 3s  2 3p  2 , 3s3p  3 and 3s  2 3p3d . Following the application of TECs the theoretical energies are within 2% of the experimental energies. The percentage compositions demonstrate that some levels show substantial mixing due to terms with the same J-value and parity mixing through configuration interaction. This leads to decay channels becoming stronger than expected if there is no mixing. For example, level 21 (3s 2 3p3d 1 D 2 ) mixes strongly with level 19 (3s 2 3p3d 3 P 2 ) leading to a large A-value for the 21-2 transition (Table 6) , while the 3s3p 3 1 D 2 level (13) does not mix strongly with the 3s3p 3 3 P 2 level (12) and so transition 13-2 has a much smaller A-value. Configuration interaction as applied to Fe  has been discussed by Nussbaumer (1973) . Table 6 presents wavelengths (λ), weighted oscillator strengths (g f ) and radiative decay rates (A) for allowed transitions between the 3s 2 3p 2 , 3s3p 3 and 3s 2 3p3d configurations. The wavelengths have been derived from the experimental energy values in Table 5 . Table 7 presents A-values for forbidden transitions amongst the levels of the ground configuration, and 
Comparison with other data
There have been a number of publications presenting radiative data for Fe  and the most recent are described here. Mendoza & Zeippen (1982) calculated decay rates for the ground configuration forbidden transitions using SSTRUCT. The model was specifically focussed on the ground forbidden transitions, and included seven configurations of the same parity as 3s 2 3p 2 . Huang (1985) and Kohstall et al. (1998) both constructed wavefunctions through the multiconfiguration Dirac-Fock method, where states are represented by a linear combination of configuration state functions, with states divided into groups according to the J value and parity with optimisation performed on each group separately up to J = 2 (even) and J = 4 (odd). Huang (1985) used the code of Desclaux (1975) , and included only n = 3 configurations, while Kohstall et al. (1998) used the GRASP92 code (Parpia et al. 1996) and included n = 4 and n = 5 configurations in addition to n = 3. Fawcett (1987) calculated oscillator strengths through optimizing Slater parameters calculated with a Hartree-Fock-Relativistic program package. Three even parity and five odd parity configurations were included, and the Slater parameters were optimised by the Zeeman package through semi-empirical adjustments of the calculated energies. Nahar (1999) performed calculations in the close-coupling approximation with the R-matrix method for a large number of transitions, including configurations up to n = 10. In terms of the 3s 2 3p 2 , 3s3p 3 and 3s 2 3p3d configurations, only allowed, non-intercombination transition decay rates were presented, Penn & Kuhn (1994) . b Jupén et al. (1993) .
and forbidden transitions were not considered. Ishikawa & Vilkas (2001) present decay rates for the 3s 2 3p 2 3 P J -3 P J transitions calculated using relativistic multireference many-body perturbation theory. A full set of n = 3 configurations were included in calculating the state wavefunctions.
For the release of version 1 of the CHIANTI atomic database in 1996, a complete set of radiative data for Fe  were calculated by the author using SSTRUCT. This calculation was identical to the one presented here, apart from two differences. The present calculations make use of an updated version of SSTRUCT that corrects a previous bug, and term energy corrections have been performed to improve the accuracy of the theoretical energies (and thus the atomic model). The radiative model currently found in CHIANTI will be referred to as the "CHIANTI" model, while the new calculation presented here will be referred to as the "SSTRUCT" model. Table 7 compares the forbidden transition probabilities for the ground configuration transitions amongst the Ishikawa & Vilkas (2001) , CHIANTI, Huang (1985) , Mendoza & Zeippen (1982) and present calculations. In general, agreement is excellent, however, the 1-3 decay rate from Ishikawa & Vilkas (2001) is around a factor 3 lower than from the other three calculations. The length and velocity forms of the E2 decay rates presented by Ishikawa & Vilkas (2001) are highly discrepant, indicating that their 1-3 decay rate is not accurate. Significant Table 6 . Observed wavelengths, oscillator strengths and radiative decay rates for allowed transitions amongst the 27 levels of the Fe  model. (Table 8) . However significant differences are found for the magnetic quadrupole transitions 3-18 and 4-18. The values derived from SSTRUCT were tested by varying the number of configurations included in the model of the ion, as cancellation effects associated with the addition of extra configurations can sometimes lead to large changes in the A-values for some transitions. However, for the models considered the changes to the M2 transitions were less than 1%, giving confidence in the SSTRUCT values. Träbert et al. (2003) have determined a lifetime of 9.0±0.4 ms for the metastable 3 F 4 level which compares with the value 8.56 ms derived from the present calculations. The Kohstall et al. (1998) calculations yield a lifetime of 9.17 ms.
Forbidden transitions
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Allowed transitions
In Fig. 1 the A-values for the allowed transitions amongst the 3s 2 3p 2 , 3s3p 3 and 3s 2 3p3d configurations from the Huang (1985) , Fawcett (1987) , Kohstall et al. (1998) and Nahar (1999) and CHIANTI calculations are compared with the current SSTRUCT model. In each plot the X-axis gives the radiative decay rate from Table 6 while the Y-axis gives the ratio of the decay rate from the appropriate calculation to that of the present calculation. Good agreement between the two sets of calculations leads to points lying close to 1. The Y-axis is scaled in such a way to reveal greater detail for ratios lying close to 1, but still show the wide range of differences between the calculations (up to 3 orders of magnitude). To determine the accuracy of the different data-sets it is necessary to compare with solar and laboratory data.
For only one level connected to the ground by allowed transitions are there laboratory lifetime data available: 3s3p 3 3 S 1 (level 14 in the SSTRUCT model). The predicted lifetime is 17.0 ps, while the measured lifetime is 21 ± 4 ps (Träbert et al. 1982) . The other calculations under consideration yield lifetimes of 15.7 (Huang 1985 ), 16.8 (Fawcett 1987 ), 16.5 (Kohstall et al. 1998 ) and 15.8 ps (Nahar 1999) . Thus only the SSTRUCT model value lies within the experimental error bars.
Whereas laboratory lifetime measurements allow the absolute values of radiative decay rates to be checked, solar spectra allow relative decay rates for transitions from the same upper level to be compared. For an optically thin plasma, the branching ratio, R, of two lines at wavelengths λ 1 and λ 2 that decay from the same upper level with decay rates A 1 and A 2 is A 1 λ 2 /A 2 λ 1 (in energy units), and so is independent of the physical conditions of the plasma. The solar corona represents, in most conditions, just such an optically thin environment, and below we consider several observations of Fe  branching ratios.
Initial comparisons with Huang (1985) demonstrated large differences with the SSTRUCT model for some transitions. Upon inspection of the data-sets, the reason was found to be due to erroneous level identifications in Huang (1985) . The Huang (1985) Figure 1a shows the comparison with SSTRUCT following these corrections and excellent agreement is found. There are four transitions for which there are differences of more than a factor 2, however none of these transitions have been identified in solar or stellar spectra and so it is not possible to determine which calculation is more accurate. Several differences between the Nahar (1999) and SSTRUCT data-sets result in changes to predicted emission line strengths that can be compared with measured spectra. In particular, for transitions from level 20, the Nahar (1999) A values imply that the three lines at 202.0, 205.9 and 209.9 Å (decays to levels 1, 2 and 3, respectively) are comparable in strength with ratios λ205.9/λ202.0 and λ209.9/λ202.0 of 0.70 and 1.07, respectively. The corresponding SSTRUCT ratios are, however, 0.0055 and 0.15. The λ202.0 line is actually one of the strongest Fe  lines, and solar spectra all show it to be much stronger than the λ209.9 line: Brosius et al. (1998) give a λ209.9/λ202.0 ratio of 0.19±0.04, in excellent agreement with the SSTRUCT model; while, although Malinovsky & Heroux (1973) do not identify the lines in their spectrum, they are clearly present in their Fig. 1c with a ratio of around 0.2. The λ205.9 line is not identified in the Brosius et al. (1998) spectrum implying that it is a weak line, consistent with the SSTRUCT model. The Nahar (1999) A values for these transitions are thus clearly not consistent with observations.
Other problems can be seen for transitions from levels 7, 8 and 23. The λ359.84/λ348.18 ratio (7-2/7-1) is predicted from the Nahar (1999) data to be 0.66 whereas from the SSTRUCT data it is 0.25. The measured SERTS-89 ratio is 0.18±0.04 (Thomas & Neupert 1994; Young et al. 1998) , much closer to the SSTRUCT value. The Nahar (1999) data predict a λ372.03/λ359.64 ratio (8-3/8-2) of 0.29, while the SSTRUCT data predict a ratio of 0.030. The λ359.64 line is seen in solar spectra, but no emission line is detected at 372.0 Å in high resolution solar spectra (Thomas & Neupert 1994) , consistent with the much smaller ratio found from the SSTRUCT model. The three lines arising from decay of level 23 to the ground 3 P levels Huang (1985) , b) Fawcett (1987) , c) Kohstall et al. (1998) , d) Nahar (1999) , and e) the CHIANTI model. For each transition for which there exist A values from both calculations, the SSTRUCT A value is plotted against the ratio of the A values from the two calculations. If the transition is the strongest from the particular emitting level in the SSTRUCT model, then the point is plotted with a . If the transition is not the strongest from the particular emitting level in the SSTRUCT model, but is in the comparative model, then the point is plotted with a . All other transitions are plotted with a ×. The Y-axis is scaled as the square root of the logarithm of the ratio. Dashed lines are placed at ±30%, while additional minor tickmarks are placed at values 0.9, 1.1 (±10%), 0.5, 2.0 (factor 2) and 0.2, 5.0 (factor 5). Huang (1985) .
d Kohstall et al. (1998) .
e Fawcett (1987) .
f Thomas & Neupert (1994) . g Brosius et al. (1998) . The SERTS-95 spectra were calibrated using atomic data from CHIANTI through insensitive line ratios, including several Fe  ratios, and so caution must be used when interpreting these values.
h Brosius et al. (2000) .
i Malinovsky & Heroux (1973) . Intensity errors on individual lines were not explicitly given, but relative intensities are good to 20% or better.
are found at 197.4, 201.1 and 204.9 Å. The λ197.4/λ201.1 and λ204.9/λ201.1 ratios are predicted to be 0.064 and 1.38 from the Nahar (1999) data, but from SSTRUCT are 0.21 and 0.31, respectively. Malinovsky & Heroux (1973) give measured ratios of 0.16 and 0.26, again in much better agreement with the SSTRUCT model. Nahar (1999) does not include relativistic effects in her calculation, and this would appear to be the source of the differences between this calculation and the other calculations considered here, which all include relativisitic effects.
Excellent agreement is found between the SSTRUCT, Fawcett (1987) and Kohstall et al. (1998) data-sets, with the majority of points in Figs. 1b and c lying within ±30%. The one outlying point in Fig. 1b is for the 20-2 transition (λ205.9) which is a factor 3.2 stronger in the Fawcett (1987) calculations, leading to a λ205.9/λ202.0 branching ratio of 0.016 compared to the SSTRUCT value of 0.0055. The λ205.9 line has not been detected in the most sensitive solar spectra in this wavelength region (Brosius et al. 1998) , suggesting the SSTRUCT value is more appropriate. Two of the points in the SSTRUCT, Kohstall comparison (Fig. 1c) are more than a factor two discrepant: the 3-27 and 4-27 transitions. These are sufficiently weak transitions that observations can not discriminate which calculation is more suitable, and Fawcett (1987) does not give data for these transitions. Figure 1e shows a comparison with the radiative data contained in CHIANTI since the version 1 release in 1996. As described earlier in Sect. 2, the model is very similar to the current SSTRUCT model which is revealed in the excellent agreement between the two. Two transitions (2-20 and 3-21) are more than a factor 3 stronger in the new calculation, and we note that these two levels are highly mixed (Table 5 ) and so the TECs applied in the SSTRUCT calculation will have improved the accuracy of the wavefunctions in this case. Table 9 compares branching ratios for several line pairs for which there are observed values from solar spectra. This confirms the excellent agreement between the SSTRUCT, CHIANTI, Fawcett (1987) and Kohstall et al. (1998) data-sets, and also demonstrates good agreement with observations.
Summary
Radiative decay rates for transitions from the Fe  3s 2 3p 2 , 3s3p 3 and 3s 2 3p3d configurations to the ground 3s 2 3p 2 configuration have been presented. The data-set includes all allowed and forbidden transitions necessary to model the ion's level populations in low density, coronal conditions.
Comparison has been made with previous calculations for both the allowed and forbidden transitions. Good agreement is found with the forbidden transition calculations of Ishikawa & Vilkas (2001) , Huang (1985) and Mendoza & Zeippen (1982) , and also with the laboratory measurements of the 1 D 2 and 3 F 4 level lifetimes measured by Moehs et al. (2001) , Träbert et al. (2002) and Träbert et al. (2003) . Good agreement is found for the allowed transitions calculated by Huang (1985) , Fawcett (1987) and Kohstall et al. (1998) , with many branching ratios involving observed Fe  transitions being very similar.
Significant differences, however, are found in comparison with the calculations of Nahar (1999) . By comparing several branching ratios with measured solar emission line ratios, the latter calculations have been shown to be in error. It is suggested that the differences are due to relativistic effects not being included in the Nahar (1999) calculation.
Several Fe  emission lines will be measured by the EUV Imaging Spectrograph (EIS, Culhane et al. 2000) to be flown on the Solar-B satellite (Shimizu 2002 ). EIS will provide high resolution spectra in the 180-204 Å region which includes the important λ203.8/λ202.0 density diagnostic. The comparisons presented in the present work provide a critical overview of Fe  radiative calculations.
